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Influence of Combined Tension and Torsion on the
Performance of REBCO Superconducting Tapes

Ashok KB | Rijo Jacob Thomas

Abstract—Rare-earth-barium-copper-oxide (REBCO) coated
conductor tapes are promising materials for superconducting ca-
bles and wires. Simulation studies of the impact of the mechanical
loading on the degradation of superconducting tapes give a better
understanding on the role of different geometrical parameters like
tape width and thicknesses of constituent layers. In this article,
a detailed analysis of combined tensile and torsional loading on
REBCO tape is carried out. The results show that the thickness of
each constituting layer of the tape influences the ability of the tape
to withstand tensile and torsional loads. Although increasing the
width of the tape increases the maximum allowable tensile load,
it decreases its ability to withstand the torsional load. The angle
of twist is increased from (.18 to 0.72 °/mm, and the maximum
applied tensile strain that can be applied is decreased from 0.65 %
to 0.3 %. The maximum allowable angle of twist is decreased from
4 to 0.93 °/mm with the increase in the tape width from 3 to
12 mm under pure torsion. The critical current retention capacity
of the tape changes with different geometric parameters of the tape.
The findings are useful in determining appropriate values for the
thicknesses of each layer and width of the tape corresponding to
the magnitude of pure tensile, pure torsional and combined tensile
and torsional loads experienced.

Index Terms—Finite element analysis, intrinsic axial strain, rare-
earth-barium-copper-oxide (REBCO) tape, torsional load, tensile
load.

I. INTRODUCTION

ARE-EARTH-BARIUM-COPPER-OXIDE (REBCO)
Rtapes can carry large current at liquid nitrogen
temperatures. However, since these materials are brittle,
they are sensitive to mechanical loads. Forces like tension,
torsion, and bending influence the strain in the REBCO tapes
and thereby its current carrying capacity. For strain levels
beyond the irreversibility limit of the superconducting REBCO
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layer, permanent degradation occurs. This had been reported
for bismuth strontium calcium copper oxide (Bi2223) [1], [2]
and REBCO conductors [3], [4], [5], [6]. The influence of
intrinsic axial strain on critical current degradation on REBCO
tape demonstrates that the characteristics of the substrate,
and the thicknesses of constituting layers are crucial [4], [7].
The irreversibility limit of the tape depends largely on these
parameters, and therefore the effect of these parameters needs to
be analyzed in detail. Ilin et al. [8] proposed the irreversibility
limit as 0.45% intrinsic axial strain as the criterion for the
degradation of the tape. This criterion is applicable to both
tensile and torsional load cases [8].

The influence of different mechanical loads during the wind-
ing of HTS tape on its degradation, revealed that torsional strain
is less significant than bending and tensile loading [2], [9]. The
width of the tape is reported to be the most crucial parameter
under torsional loading, because the longitudinal strain state of
the tape along the width changes with torsion [6]. The thickness
of the tape also affects the tape degradation. A tape with smaller
thickness shows less degradation compared to the thicker one
under torsion [2]. It is reported that the torsional strain also helps
to increase critical current slightly in the initial stage. However,
with a further increase in torsion, the critical current density
decreases sharply (below the critical twist pitch limit) [8].

Allen et al. [10] performed numerical simulations under dif-
ferent tensile and torsional loads on REBCO tape for a specific
geometry condition, and found that gradual and sharp critical
current degradation occurred below 100 mm twist pitch. The 5%
critical current degradation for BSCCO tape and yttrium barium
cupric oxide (YBCO) tape is reported in another literature, when
the twist pitch reached below 114 mm and 90 mm, respectively
[11]. Shin et al. [12] reported that YBCO tape of 4.3 mm wide
and 60 mm long can withstand a 270° angle of twist with 5%
critical current degradation. However, for 95% critical current
retention, 4.19 wide SmBCO tape can withstand 240° of angle of
twist [13]. In total, 5% critical current degradation occurred for
4 mm wide REBCO tape manufactured by different manufac-
turing techniques such as reactive coevaporation by deposition
and reaction and metal-organic chemical vapour deposition at
300° and 255° angle of twist, respectively [14]. Though the
modeling of REBCO tapes subjected to different mechanical
loading conditions such as thermal loading, tension, bending,
and torsion has been reported by various researchers [8], [10],
[15], [16], detailed modeling of REBCO tape subjected to both
tensile and torsional loading for wide changes in geometrical
parameters such as Hastelloy thickness, copper thickness, and
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Fig. 1.  Schematic showing the geometry and dimensions of the section mod-
eled and the constituting layers of the REBCO tape.

tape width is scarce in the open literature. Even though it is
reported that the thickness of copper and REBCO layers also
depends on residual compressive strain induced in the REBCO
layer [17], there are limited studies that have analyzed the effect
of residual strain on the tape performance under torsional and
tensile loads.

This article presents a detailed finite element (FE) simulation
of the three-dimensional stress-strain state in REBCO tape under
pure and combined tensile and torsional loads. The article has
considered the temperature-dependent elastic-plastic properties
of the tape components. The simulation is performed starting
with the tape processing conditions during its manufacturing up
to cooling down of the tape to liquid nitrogen temperature thus
including the effect of residual strain on the tape performance.
Parametric studies have been performed to understand the effect
of variation in thickness and width of various constituting layers
of the tape on the performance of superconducting REBCO tape
subjected to tensile loading, torsional loading, and combined
tensile and torsional loading.

II. MODELING

The modeling of the REBCO tape with its multiple layers is
carried out using COMSOL Multiphysics software. For model-
ing the layers, a brick element with 27 nodes is selected and used
throughout, as it is recommended by COMSOL Multiphysics
developers for a geometry having thin layers. A REBCO tape
of 70 mm length is taken for consideration. In order to reduce
the computational effort, only a symmetrical part of the tape is
modeled.

A schematic showing the geometry and the dimensions of the
section of REBCO tape modeled, including the layers of the
tape, is shown in Fig. 1. The tape has the dimension of 17.5 x 4
x 0.091 mm (length x width x thickness) with its constituting
layers of copper, Hastelloy and REBCO. The selected mesh size
is 72 elements along the length, 24 elements along the width,
and 4 elements along the thickness. Material properties used in
this article is provided in Table I. In order to understand the
effect of varying the tape width, it is varied from 3 to 12 mm.
Similarly, the thickness of Hastelloy layer is varied from 0.02
to 0.05 mm, and the copper thickness is varied from 0.005 to
0.04 mm. In all the tensile and torsional load cases, the intrinsic
axial strain developed in the REBCO layer is calculated. If the
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TABLE I
PROPERTIES OF THE LAYER MATERIALS OF THE SUPERCONDUCTOR [8]

Young'’s Yield Poisson’s Thermal
modulus stress ratio expansion
(GPa) (MPa) coefficient(K')

Hastelloy (RT) 223 891 0.307 1.34x107°
Hastelloy (77 K) 228 1141 0.307 1.34x107°
Copper (RT) 80 120 0.34 1.77x107
Copper (77 K) 98 146 0.34 1.77%107°
REBCO 157 -- 0.3 1.1x107
Initial Final

position  position

Tensile
loading

I

(a)

L ] Copper (0.02 mm Thickness)
| Hastelloy (0.05 mm Thickness)
| REBCO (0.02 mm Thickness)
(©)
Fig. 2. Pictorial representation of the effect of different dissimilar material

layers on the induced strain in the REBCO tape; (a) before loading; (b) under
loading with no interfacial bonding between the layers; (c) under loading with
interfacial bonding between the layers.

induced axial strain exceeds the irreversible limit, the tape is
considered degraded.

Different material layers constitute the REBCO tape, and
each layer has its own significance and material properties
[8], [18]. The bonding between the layers also will have an
impact on the eventual force transmitted among the layers.
In addition to this, the thermal stress-induced residual strain
from the production process of the REBCO tape, also will
have an influence on the strain-induced [16]. In the case of the
properties of dissimilar material layers, the effect is mutually
coupled. For instance, when the applied stress is the same,
Hastelloy with a high Young’s modulus value will have a lesser
strain than copper and REBCO. It may be noted that Young’s
modulus values of Hastelloy, REBCO and copper are 225, 157,
and 80 GPa, respectively. Since copper has a lower value of
Young’s modulus, it undergoes more tensile strain when the
tensile force is applied on the REBCO tape. This is depicted
in Fig. 2 using a representative diagram. The lower Young’s
moduli of REBCO and Hastelloy will resist the pulling of the
copper layer, see the small arrow marks in the right part of
Fig. 2.

Another important parameter that may affect the intrinsic
axial strain induced upon tensile loading would be the dimen-
sions of individual layers that include thickness, length, and
width. When changing either the length or width of the tape,
the volume fraction of each layer remains the same. In the case
of pure torsional and combined tensile and torsional loading,
the effects of properties of dissimilar material layers, bonding
between layers, and the residual strain will eventually influence
the intrinsic axial strain induced in the REBCO layer. However,
the mechanism of action and the failure will be different from
that of the pure tensile case.
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Fig. 3. Pictorial representation showing the tape symmetry and the section of
the tape modeled.

Production
process of
REBCO tape

Residual strain

Tensile loading
Applied strain is varied from 0 to 0.7
% in steps of 0.05 %.

Residual strain

Torsional loading

: from 0° to 90° in steps

Fig. 4. Methodology adopted for providing pure torsional, pure tensile, and
combined tensile and torsional loads on REBCO tape in FE modeling.

Storing the
results in each
steps

Angle of twist is varied

Modeling can be divided into three separate stages. First, the
process of metal-organic chemical vapour deposition at 1020 K
that coats the REBCO film on the substrate. Second, for electrical
and thermal stability, copper is electroplated at 333 K above and
below the tape. Finally, the entire composite is cooled down to
cryogenic (liquid nitrogen) temperature, where the mechanical
load is applied. This electroplating of copper is done by a method
called “birth and death method” [19]. The passive copper layer
is permitted to bend freely during the initial cool-down without
contributing any stress. This is achieved by providing a very low
value of young’s modulus to the copper. Subsequently, Copper,
REBCO, and Hastelloy were cooled down from 333 K to 77 K
by giving the actual value of the young’s modulus to copper.

For providing the torsional load, the angle of twist is decided
to be varied from 0° to 360°. When providing the full torsional
load with an angle of twist of 360° for the entire 70 mm tape,
an equivalent load is experienced in 1/4; of the tape length
(17.5 mm) with 90° of the angle of twist in the symmetrical
part. A symmetrical boundary condition is provided at one end
of the section of the tape modeled. The pictorial representation
of the tape symmetry and the section of the tape modeled is
shown in Fig. 3.

For providing pure torsion, pure tension, and combined ten-
sion and torsional loads, the procedure followed is given in
Fig. 4. Initially, the production process is modeled to determine
the amount of residual strain developed in the tape. In the
second stage, the tensile load is varied from O to 0.7% of the
original dimension in 15 steps with an increment of 0.05%. In
the third stage for each tensile load, the torsional load is varied
by changing the angle of twist from 0° to 90° about the y-axis
with a step size 18, as it is depicted in Fig. 4. The pure tensile,
pure torsional, and the combined torsion and tension cases are
obtained and stored.
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Fig. 5. Comparison of the simulation results of the this article with experi-
mental and simulation data available in the literature [8].

III. VALIDATION

The results obtained through the developed FE model are
compared with the experimental and simulation work reported
in the literature [8]. The comparison obtained is plotted as a
graph in Fig. 5. Fig. 5 demarcates the reversible and irreversible
regions based on the critical strain limit of 0.45% in the REBCO
layer under the combined loading of tension and torsion.

Comparison between the experimental data available in the
literature and the present simulation results show reasonably
good agreement (6% average difference) except in one exper-
imental point. The difference between the simulation and the
experimental results may be due to the sensitivity difference
in detecting irreversibility for tensile and torsional loads. llin
et al. [8] mentioned that the sensitivity is sufficiently high for
pure tensile strain but very small for torsional strain at a critical
current-criterion of 10 £Vm~'. Fig. 5 shows that there is close
agreement between the simulation study reported in the literature
and the present study (1.2% difference). The FE model devel-
oped is found to be good enough to be used for performing the
planned studies. The parameters varied involve thickness of the
copper layer, the thickness of the Hastelloy layer and the width
of the tape. Both the individual effects of tensile and torsional
loads as well as their combined effects are investigated in the
parametric studies. The results obtained under pure tensile, pure
torsional, and combined tensile and torsional loadings under
different geometric and operating conditions are presented.

IV. RESULT AND DISCUSSION

In this section, the results of pure tensile loading are presented
first and then, the results of the combined tensile and torsional
loading are provided. The critical force marking degradation at
0.45% intrinsic axial strain in the REBCO layer, corresponding
to different loading conditions, is determined for various sizes
of tape.

A. Tensile Axial Loading

The effects of pure tensile loading on the degradation of the
tape and the changes obtained with variations in the geometric
parameters of the tape are presented.
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Fig. 7.  Effect of tape width on the applied critical force.

1) Variations in Thicknesses and Width: The changes in the
applied critical force with changes in geometrical parameters
like the thickness of Hastelloy and copper layers are represented
in Fig. 6.

As expected, the increase in the thicknesses of Hastelloy and
copper layers results in a practical linear increase of the applied
critical force. And because of the respective material proper-
ties, increasing the thickness of the Hastelloy layer has more
influence as compared to increasing the thickness of the copper
layers. For the case of the thickest copper layer (0.04 mm), when
the Hastelloy thickness is increased from 0.02 to 0.05 mm (150%
increase), the applied critical force is increased by 73%. When
the copper thickness is increased from 0.005 to 0.04 mm (700%
increase), the applied critical force is increased by only 33%.
This is for the case of the thinnest Hastelloy layer (0.02 mm).

The effect of tape width on the applied critical force is
depicted in Fig. 7. Increasing the Hastelloy thickness from 0.02
to 0.05 mm (150% increase), increases the applied critical force
by 97% for all the tape widths.
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loading.

Effect of Hastelloy thickness on intrinsic axial strain under pure tensile

2) Variation in Hastelloy Thickness: The effect of pure ten-
sile loading on intrinsic axial strain on the REBCO tape for
different Hastelloy thicknesses is shown in Fig. 8.

As expected for any given thickness of Hastelloy, with an
increase in applied tensile strain, there is a directly proportional
increase in the intrinsic axial strain in the REBCO layer. It may
be noted that for the initial values of applied tensile strain, the
induced intrinsic axial strain values are negative, which indicates
that the strain is compressive. This is due to the presence of
the residual strain developed in the REBCO tape during its
production stage. It is for the same reason that there is some
compressive strain even when the applied tensile strain is zero.
It may be noted that at zero applied strain, the residual strain in
the REBCO layer is —0.244% (at 0.05 mm Hastelloy thickness).
When the Hastelloy thickness is reduced to 0.02 mm, the residual
strain increases from —0.244% to —0.27%, which is about 2.7%.
Beyond 0.25% of the applied tensile strain, the strain in the
REBCO layer is changed from compressive to tensile (negative
to positive values).

The graph also depicts that when decreasing the thickness
of the Hastelloy, the intrinsic axial strain in the REBCO layer
is decreased is due to the changes in the percentage of volume
fraction and the bonding between different layers with variation
in thickness of Hastelloy (see Fig. 2). Irrespective of the thick-
ness of Hastelloy, at high values of applied tensile strain, the
tape is degraded (marked as the horizontal solid line at the top
of the graph). Therefore, while using the tape, measures need
to be taken to ensure that the magnitude of the applied tensile
strain is not more than these irreversible limits.

It may be observed that when decreasing the thickness of
Hastelloy there is a slight increase in the critical strain value.
However, it may be noted that the applied critical force also
decreased with decreasing the Hastelloy thickness as observed
in Fig. 6. The applied tensile strain is increased by 3.75% as the
thickness of Hastelloy decreased from 0.05 to 0.02 mm (60%
decrease). It may be noted that in all the cases, the thickness of
the copper layer is kept constant at 0.02 mm, and the tape width
is 12 mm.
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Effect of copper thickness on intrinsic axial strain under pure tensile

3) Variation in the Induced Strain in REBCO With Change
in Copper Thickness: Fig. 9 depicts the effect of varying copper
thickness on intrinsic axial strain in the REBCO layer under
pure tensile load. It is found that the variation in the copper
thickness affects the intrinsic axial strain induced in the REBCO
layer. However, in contrast to the case Hastelloy thickness, the
induced intrinsic axial strain value increases with an increase in
the copper thickness. It may be observed that when the copper
thickness is increased from 0.005 to 0.04 mm, the difference in
the intrinsic axial strain is increased by 4%. The critical strain
value increases by 5.3% as the copper thickness increases from
0.005 to 0.04 mm. It may be due to the changes in the percentage
of volume fraction and the bonding between different layers with
variations in the thickness of copper thickness (see Fig. 2).

The residual strain values are also increased with an increase
in copper thickness. For the maximum variation of the copper
thickness (0.005 mm to 0.04 mm), the residual strain is increased
from —0.223 to —0.262%. Note that the thickness of Hastelloy
kept constant at 0.05 mm and tape width at 12 mm. At high
values of applied tensile strain, the tape is degraded (marked as
the horizontal solid line at the top of the graph). However, as the
copper thickness increases, the applied tensile strain that can be
endured without causing degradation also increases.

4) Variation in the Induced Strain in REBCO With Change
in Tape Width: The variation in the critical applied tensile strain
with changes in the tape width corresponding to different thick-
nesses of Hastelloy and copper layers is investigated and the
results are presented in Figs. 10 and 11.

Fig. 10 depicts that changes in critical applied tensile strain
with tape width for different Hastelloy thicknesses. With the
increase in tape width, though the trend remains the same for all
widths, there is a reduction in the value of the critical applied
tensile strain. With higher values of tape width, the degradation
is faster (lower values for critical applied tensile strain). But
it may be noted that, the larger tapes able to withstand more
force without any degradation as it is evident from Fig. 7. With
the increase in thickness of the Hastelloy layer, the amount of

7500211

Constant copper thickness of 0.02 mm

T T — %1 * T T ]
0.7 ]
&
N [
~ L _
S 069
= [
5 i
— 0.68 1
= r
-2 i
h=1 L
5 0.67 - Hastelloy thickness (mm) .
2 » —A— 0.02
= [ —%8— 0.03
& 066 —0— om 8
< I —o— 0.05
0'65 L L 1 L L | L L L | s L L I L L L I B
2 4 6 8 10 12
Tape width (mm)
Fig. 10.  Variation in critical applied strain with changes in tape width for

different Hastelloy thickness under pure tensile loading.

T T T T T T T LB
I Constant Hastelloy thickness of 0.05 mm |
o 0.75F i
§ L
£
S J
@ 0.7 o=@ @ Q -
= / ]
2
= i
g Copper thickness (mm) -
L ® _
B 0.65 4 —o— 0.04
= & —— 0.03
& A —&—  0.02
< % —A— 0.1
0.6 —$%—  0.005 ]
s s L | L L L | s s L | s | L L L 1
2 4 6 8 10 12
Tape width (mm)
Fig. 11.  Variation in critical applied tensile strain with changes in tape width

for different copper thicknesses under pure tensile loading.

material available to withstand the force applied also increases.
Therefore, the critical strain value reduces. At 12 mm tape, when
the Hastelloy thickness is increased from 0.02 to 0.05 mm, the
critical applied tensile strain values are decreased by about 36%.

The variation in critical applied tensile strain with changes in
the tape width is depicted in Fig. 11. It can be observed that the
tape width does not have any significant influence. Also, with
the change in copper thickness, there is no prominent effect. For
instance, with an increase in thickness of copper from 0.005 to
0.04 mm (about 700%), the critical applied tensile strain value
is increased only by 3.9%.

B. Influence of Combined Tension and Torsion on the
Performance of the REBCO Tape

Degradation of REBCO tape under the combined load of
tension and torsion is relevant since the tapes are generally
subjected to such a combination of forces during the winding
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of tapes to produce superconducting cables, especially in cases
of CORC and twisted stack type of tape configurations. If the
intrinsic axial strain developed in the REBCO layer under such
combined forces are within the critical limit, then the tape can be
considered safe. Therefore, during the production process of su-
perconducting cables, care is to be taken such that the combined
tensile load and torsional loads are within these critical limits
for any given dimensions of the REBCO tape. Otherwise, if the
critical limits are crossed, then the tape is degraded, losing its
superconducting behavior. The cable will become useless and
needs to be discarded.

The critical degradation points corresponding to the combined
tension and torsion loads are determined for various sizes of the
tape. The effects of change in the geometrical parameters such
as the thickness of Hastelloy and copper layers, the width of
the tape are also analyzed under this combined loading. The
changes in the degradation limits with variation in thickness of
Hastelloy and copper layers and the width of the tape is plotted
in the subsequent sections.

1) Effect of Combined Tensile and Torsional Loading on
REBCO With Changes in Hastelloy Thickness: The degradation
limits of REBCO tape under a combination of tensile and tor-
sional loads is given in Fig. 12. The curves in the graphs show the
critical limits, and the area above that is the degradation region
(denoted by the shaded region). The graph shows that when the
angle of twist is high then, the tensile load that can be applied
will be less. For instance, if the angle of twist is 0.18 °/mm,
then the maximum value of applied tensile strain is 0.65%.
When the angle of twist is increased from 0.18 to 0.72 °/mm
(300% increase), the maximum value of applied tensile strain
is decreased to 0.3% (about 54% decrease). When the angle
of twist is zero, the applied tensile strain can be a maximum
of about 0.7% (pure tension case). Similarly, when the applied
tensile strain is zero, the maximum angle of twist that can be
provided is 0.93 °/mm (pure torsion case).

Fig. 12 also depicts that increasing the thickness of the
Hastelloy layer has a less significant effect on the critical limits.
When the Hastelloy thickness is reduced from 0.05 to 0.02 mm
(about 60% decrease), the angle of twist can be increased by
only 2.2% for the pure torsion case. The width of the tape is kept
constant at 12 mm in the case of Fig. 12(a). The effect of reducing
the tape width to 10 mm is depicted in Fig. 12(b). Comparing
Fig. 12(a) and (b) reveals that a 12 mm width tape degrade faster
than a 10 mm one. It is also observed that 10 mm width tape
can withstand 1.2 °/mm of the angle of twist for the pure torsion
case. This is about 28% more than that of the 12 mm case.

2) Effect of Combined Tensile and Torsional Loading on
REBCO With Change in Copper Thickness: The effect of copper
thickness on the degradation of the REBCO tape under com-
bined tension and torsional loading is presented as Fig. 13. The
maximum angle of twist that can be applied is 0.92 °/mm when
the tensile load is zero (pure torsion). On the other hand, the
maximum applied tensile strain that can be applied is 0.65%
when the torsional load is zero (pure tension). This is for the
case where the copper thickness is the minimum (0.005 mm).
The effect of increasing the thickness of copper layers though
has a positive increase in degradation limit, the influences is not
very substantial.
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Fig. 12. (a) Dependence of critical strain in the REBCO layer under the
combined loading of tension and torsion at different Hastelloy thickness for
12 mm tape width. (b) Dependence of critical strain in the REBCO layer under
the combined loading of tension and torsion at different Hastelloy thickness for
10 mm tape width.
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L

It is found that the smaller copper thickness tape degrades
faster. For the maximum copper thickness (0.04 mm), under
pure torsion, the angle of twist that can be applied increases
to 0.95 °/mm (about 3.2%). Whereas, for the same copper
thickness, under pure tension, the applied tensile strain increases
to 0.7%, which is about 7.7%.

3) Effect of Combined Tensile and Torsional Loading on the
REBCO With Changes in the Tape Width: The effect of decreas-
ing the width of the tape on the degradation under combined
tension and torsional loading is presented in Fig. 14.

With the decrease in width of the tape, the critical limits are
pushed further, giving more flexibility for the manufacturers in
terms of combined tensile and torsional loads. For instance,
decreasing the tape width from 12 to 3 mm (75% decrease),
has increased the maximum allowable angle of twist from 0.93
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torsion.

to 4 °/mm (326% increase) for the pure torsional case. However,
in the pure tension case, there is no much effect in the change
in tape width. Both 12 mm and 3 mm tape degrade at the same
point, which is 0.7% applied tensile strain. From the pure tensile
case with an increase in the angle of twist, the influence of tape
width becomes prominent. This is due to the fact that in the pure
tensile loading, changing the width of the tape will not have
much effect on the induced axial strain. With the increase in the
tape width, the cross-sectional area is proportionally increased.
Whereas with torsional loading, the failure will be happening
at the edges, and smaller tape width produces lesser strain in
the tape. Therefore, the width of the tape has a very significant
influence on the combined tensile and torsional loading as well
as the pure torsional loading. If the width of the tape is high,
under combined tensile and torsional loading, the tape will fail
quickly with an increase in the angle of twist. This is evident
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from Fig. 14 as the slope becomes steeper with the increase in
the tape width.

C. Electrical Performance of REBCO Tape Under Combined
Tension and Torsion

Superconducting tapes after being converted to cables/ wires,
find application in various systems, including magnets where a
large amount of current needs to be passed through them. Since
the tape being superconducting (zero electrical resistance), such
high currents can be transmitted. However, induced strain due
to mechanical forces on them can degrade the superconducting
tape producing some electrical resistance in it. Though the value
of such resistance produced will be small, owing to the high
value of current passing through it, results in situations like
quenching and can permanently damage the cable/ wire. Each
superconducting tape has a maximum capacity for carrying
current, and this critical current will reduce with the degradation
of the tape. In other words, the amount of degradation of any
superconducting tape can be identified in terms of its current
carrying capacity. This is termed as the electrical performance of
superconductors, and it is affected due to changes in mechanical
forces on the tape, including tension, torsion, and combined
tension and torsion. In this section, the effect of the mechanical
forces on the induced strain and its corresponding amount of
degradation of the superconducting tape in terms of changes in
the critical current is investigated.

The critical current depends upon the intrinsic axial strain.
The intrinsic axial strain is not constant across the width of the
tape in pure torsion and combined tension and torsional cases.
From moving from the center line to the edges of the tape along
the width (x-direction), the strain-induced will be more under
torsion. Correspondingly, the current-carrying capacity also will
be varying depending upon the strain-induced. Therefore, the
overall current carrying capacity of the tape has to be determined
using [20]

Te =t [ jo (e2)dn (1

where the critical current “/.” of a twisted tape is written as a
summation of critical current densities “j.(e,)” over the tape
cross section of the width “w” and the thickness “t,”. This
expression shows that the critical current density is a function of
the intrinsic axial strain. A more accurate empirical expression
(2) is provided in the literature [20], and it is developed using
the data published by SuperPower on YBCO [21]

I
= 0.057713x10"28

—0.03979215x10"°> — .02090279x10%
ed +0.02385557x105¢3
— 0.1668065x10%¢2 — 0.003662115x10%, +1 (2)

where I, is the critical current density at zero intrinsic axial
strain. Critical current retention at particular strain is the ratio
of critical current at that strain to the critical current value when
the intrinsic axial strain is zero. The abovementioned expression
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Critical current retention at different Hastelloy thicknesses under pure

is used for calculating the critical current retention ( II“ ) of
different cases.

D. Changes in the Critical Current Retention Under Pure
Torsional Loads

1) Effect of Thickness of Hastelloy on the Critical Current
Retention: The effect of thickness of the Hastelloy layer on
the critical current retention under pure torsion (applied tensile
strain 0% case) is depicted in Fig. 15.

The torsional load is varied by changing the angle of twist.
The graph depicts that with an increase in the angle of twist,
the critical current retention is good till about 0.9 °/mm, and
afterwards, it has decreased considerably. For instance, a 50%
increase in the angle of twist beyond 0.9 °/mm (0.9 °/mm
to 1.35 °/mm) will decrease the critical current retention by
about 50%. The same trend is also observed for other Hastelloy
thicknesses (from 0.05 to 0.02 mm). Initially, with the increase
in angle of twist, the critical current retention increases and this
is due to the influence of residual strain as mentioned earlier. For
this particular case, the critical current retention is 100% when
the angle of twist is about 0.54 °/mm.

The graph also shows that, when decreasing the thickness of
Hastelloy, the tape will able to withstand a slightly higher angle
of twist without the critical current retention being affected. For
instance, at 0.05 mm thickness of Hastelloy, the critical current
retention of 95% is possible only up to an angle of twist of
0.96 °/mm. And when reducing the thickness of Hastelloy from
0.05 to 0.02 mm (60% decrease), the angle of twist possible
(torsional load) increases to 0.99 °/mm (which is only about 2%
increase). The results show the scope of reducing the thickness
of Hastelloy without much effect on the electrical performance.

2) Effect of Thickness of Copper on the Critical Current
Retention: The thickness of the copper layer is varied in this
case instead of the Hastelloy thickness in the previous section.
Changes in critical current retention under pure torsion is de-
picted in Fig. 16. The copper thickness is increased and also
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torsion.

decreased from the given value (0.02 mm) to find its effects on
the electrical performance.

Fig. 16 shows that, when increasing the angle of twist, the
critical current retention under pure torsion is better when the
thickness of copper is increased. However, when the copper
thickness is decreased, the critical current retention is reduced.

At 0.04 mm thickness for the copper layer, the critical
current retention of 95% is possible only up to an angle of
twist of 0.98 °/mm. When the thickness of copper layers is
decreased (0.005 mm), the possible angle of twist is decreased to
0.95 °/mm. The critical current retention becomes 100% when
the angle of twist is about 0.54 °/mm for the given configuration.
Initially, torsional load up to 0.54 °/mm, the tapes with higher
values of copper thickness can retain more residual strain, and
the critical current retention is less. However, torsional load
beyond 0.54 °/mm the critical retention is high for tapes with
higher copper thickness.

3) Effect of Tape Width on the Critical Current Retention:
The effect of the width of the tape on the critical current retention
under pure torsion (applied tensile strain 0% case) is depicted in
Fig. 17. The width of the tape is decreased from the given value
to find its effects on the electrical performance.

The results show that the width of the tape has a significant
influence on critical current retention. When reducing the width
of the tape from 12 to 3 mm (75% decrease), the maximum angle
of twist possible without degradation increases from 0.93 to
4.1 °/mm (about 326% increase demarcated by the 95% critical
current retention limit (horizontal thick line).

4) Changes in the Critical Current Retention Under Com-
bined Tensile and Torsional Loads: Fig. 18 depicts the critical
current retention of the REBCO superconducting tape under
combined tensile and torsional loads. For the given range of pa-
rameters, the critical current retention varies from around 100%
to 65%, as shown in the graph. From the figure, it can be un-
derstood that with a significant increase in tensile and torsional
loads, the critical current retention considerably decreases.

The numerical simulation done by llin et al. [8] reported that,
when the applied strain is 0.3%, then the maximum angle of
twist that can withstand without any degradation is 2.29 °/mm.
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This article also found a similar result, the maximum allowable
angle of twist without any degradation at 0.3% applied strain
is 2.25 °/mm. The critical current degradation under combined
tension and torsion is reported in another literature [22]. How-
ever, a direct comparison of these two studies is not possible,
because this article is using 12 mm wide tape, and the literature
use 4 mm wide tape. At0.6% applied strain, 4 mm width tape can
accommodate 1.8 °/mm angle of twist [22]. But in this article,
12 mm width tape at 0.6% applied strain can accommodate
0.42 °/mm. Another literature reported that 5% critical current
degradation occurred for 4.01 mm GdBCO tape at 2.96 °/mm
[14]. However, in this article, 5% critical current degradation is
observed at 0.97 °/mm (12 mm width tape). In all the cases, a
direct comparison of these 12 mm and 4 mm width tape is not
possible, even though it is clear that 12 mm width tape fails first
compared to 4 mm width one under pure torsion and combined
tension and torsion.

It may also be noted that the critical current value first in-
creases with an increase in the angle of twist. Once it reaches
a particular strain value, then it starts decreasing for each case
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of applied tensile strain. Similar results were obtained for other
researchers earlier [20], and it may be due to the relief of the
residual strain in the tape. It may be observed that at the highest
applied tensile strain (0.7% curve), even without any torsional
load (0 °/mm angle of twist), the critical current retention is less
than 95%. With the application of more torsional load, the entire
tape is in the degraded region. On the other hand, without any
tensile load (0% applied tensile strain), the maximum angle of
twist that can be provided without being degraded in 0.97 °/mm.
With the increase in the applied tensile strain, the rate at which
the critical current retention is decreasing increases, as it is
evident from the shapes of the different curves.

V. CONCLUSION

The influence of intrinsic axial strain induced on the degra-
dation of REBCO tape under combined twisting and torsion
has been studied. The tape parameters such as the thickness
of Hastelloy and copper layers and the width of the tape are
varied to evaluate the amount of degradation under pure tension,
pure torsion, and combined tension and torsion loads. From the
results obtained from this article, the following conclusions have
arrived.

1) Under pure tensile loading, the applied tensile strain on
the tape is directly proportional to intrinsic axial strain
developed in the REBCO layer irrespective of any given
thickness of Hastelloy and copper layers as well as for any
given width of the tape. The applied tensile strain beyond
which the tape degrades is found to be between 0.6% and
0.7% applied tensile strain for any thickness of layers and
tape width.

2) Under combined tension and torsion, there is an inverse
relationship between the applied tensile strain and the
angle of twist that can be applied. When the angle of
twist is increased from 0.18 to 0.72 °/mm (75% in-
crease), the maximum value of applied tensile strain that
can be applied is decreased from 0.65% to 0.3% (about
54% decrease). Decreasing the tape width further de-
creases the maximum value of applied tensile strain for
the same increase in the angle of twist. Changing the
thickness of Hastelloy and copper layers is not found to
have any significant influence on the degradation of the
tape.

3) It is found that under pure torsional and combined tensile
and torsional load, the applied tensile strain that can be
applied on the tape can be increased by decreasing the
width of the tape.

4) By decreasing the tape in width, the critical limits can be
pushed further giving more flexibility for the manufactures
to accommodate for combined tensile and torsional loads.
It is found that by decreasing the tape width from 12
to 3 mm (75% decrease), the maximum allowable angle
of twist can be increased from 0.93 to 4.1 °/mm (326%
increase) under pure torsional loading.

5) Under pure torsion on the other hand, decreasing the
Hastelloy thickness from 0.05 to 0.02 mm (about 60%
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decrease), will increase the maximum allowable angle of
twist by only 2.2%.

6) Observation of the critical current retention under com-
bined tension and torsion revealed that the critical current
value first increases with an increase in the angle of
twist. However, once it reaches a particular angle of twist
(0.54 °/mm) for this case, it starts decreasing for any given
applied tensile strain.

7) Changing the thickness of Hastelloy and copper layers
is not found to have any significant influence on the
critical current retention of the REBCO tape. When re-
ducing the thickness of Hastelloy from 0.05 to 0.02 mm
(60% decrease), the maximum allowable angle of twist
is increased from 0.97 to 0.99 °/mm (2.2%). However,
when the copper thickness is reduced from 0.04 to
0.005 mm (87.5% decrease), the maximum allowable
angle of twist is decreased from 0.98 to 0.95 °/mm (3.1%
decrease).

8) Under pure torsion, the maximum allowable angle of twist
is decreased (from 4.1 to 0.97) with the increase in the tape
width from 3 to 12 mm (300% increase), corresponding
to 95% critical retention criteria.

The results generated are expected to help the manufactures
of superconductors when developing REBCO based tapes and
cables that will be subjected to tensile, torsional, combined
tensile, and torsional loads.
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